Introduction {#S0001}
============

The primary function of the immune system is effective protection against various types of infectious agents from the external environment. In the course of evolution three lines of defense against invading pathogens developed. The first line includes anatomical and physiological barriers that protect the inner layers of the body. Crucial natural barriers are epithelial surfaces composed of tightly joined cells and mucous membranes. Most epithelial surfaces are associated with physiological microflora. This natural microbial population competes with pathogens for nutrients and produces antibacterial substances to inhibit pathogen growth. The protective role for the respiratory system is played by cough and sneeze reflexes, movement of cilia and pulmonary surfactant. In turn, the digestive system is protected by intestinal motility, presence of glycocalyx on the surface of epithelial cells, including enterocytes, and the low pH of the stomach. The gastric juice, vaginal secretions and urine, which are acidic fluids, have an additional protective function. Equally important are humoral factors present in secretions and body fluids. This group includes proteolytic enzymes, acute phase proteins, interferons, immunoglobulins and also antimicrobial peptides.

Defense mechanisms are mainly focused on the fast identification and efficient elimination of pathogens. The early immune response is associated with activation of the innate immunity mechanisms. Innate immunity is mediated by several humoral components (complement proteins, some cytokines) and cellular mechanisms involving neutrophils, monocytes, macrophages, mast cells, eosinophils, dendritic cells, and NK cells. Finally, the third line of defense against pathogenic invasion is the adaptive immune response which involves expansion of the lymphocyte subpopulations and production of antibodies.

In the first steps of host defense against pathogens, antimicrobial peptides (AMPs) play an important role. These peptides, also called natural antibiotics or cationic host defense peptides (CHDPs), constitute a group of relatively small (12-50 amino acid residues) molecules. AMPs are found in both prokaryotes and eukaryotes and are produced by bacteria, plants, invertebrates, and vertebrates. To date, 2544 AMPs have been reported (based on the *Antimicrobial Peptide Database*). These small molecules have a positive charge due to the presence of arginine and lysine residues and amphipathic structure. Amino acids with hydrophobic side chain constitute about 40-50% of the structure. AMPs are able to inactivate infectious agents by forming pores in the cell membrane. This is possible due to reaction with negatively charged phospholipids of microbial membrane. CHDPs are able to kill microbes such as bacteria, viruses, fungi or protozoa in a very short time \[[@CIT0001]--[@CIT0003]\].

Various groups of organisms produce AMPs with different profiles. In mammals, two major groups of AMPs are defensins and cathelicidins. Defensins are classified into three subgroups: α, β and κ. The α-defensin family has been identified in humans, monkeys, pigs, and several rodent species. So far, six distinct α-defensins have been found in humans. Four of these were initially isolated from neutrophils, and therefore they are called human neutrophil peptides (HNP-1, HNP-2, HNP-3, and HNP-4). These peptides are also abundant in certain macrophage populations and NK cells. The human α-defensins HD-5 and HD-6 are expressed mainly in Paneth cells of the small intestine. The β-defensin family is widely expressed in mammals and birds. Moreover, close β-defensin homologs were found in snakes, platypus and sea anemones. In humans, β-defensins (HBD-1, HBD-2, HBD-3) are produced mainly by epithelial cells and keratinocytes. κ-defensin family is found in the leukocytes of rhesus macaques \[[@CIT0003], [@CIT0004]\].

Cathelicidins have been isolated from many mammalian species including rabbits, horses, pigs, rats, monkeys, cattle and humans. These peptides are characterized by a great variety of structure and molecular weight. The genes responsible for synthesis of cathelicidins are approximately 2 kb and show four-exon/three-intron organization. Cathelicidins are synthesized as inactive precursors. The structure of precursor includes a highly conserved *N*-terminal segment, cathelin domain and a *C*-terminal domain with a varied sequence and length. The *N*-terminal domain is composed of 29-30 amino acid residues and supports the release of biologically active peptides. The cathelin domain is composed of 98-114 amino acid residues but its function has not been thoroughly examined. The *C*-terminal peptide (12-100 amino acid residues), as a mature peptide, exhibits broad antimicrobial activity against both Gram-positive and Gram-negative bacteria, viruses and fungi. These peptides are produced by neutrophils, epithelial cells, keratinocytes, macrophages, mast cells, NK cells, dendritic cells, and lymphocytes \[[@CIT0005], [@CIT0006]\].

The only known member of the cathelicidin family expressed in humans is LL-37 (leucine-leucine-37) \[[@CIT0007]\]. The human cathelicidin was identified in 1995 and first isolated from neutrophils. This cationic molecule is a linear 37-amino acid-long peptide generated by cleavage of the *C*-terminus end of the hCAP18 (human cationic antimicrobial peptide 18) precursor protein. The single gene encoding LL-37 is located on chromosome 3. The name hCAP18 denotes the length of polypeptide (18 kDa) and the cationic character of the structure. In turn, LL-37 refers to the number of residues with Leu-Leu at the *N*-terminus. LL-37 and its precursor were found in different cells, tissues and body fluids. The human cathelicidin is produced mainly by neutrophils, monocytes, NK cells, mast cells, B cells and also colon enterocytes, epithelial cells and keratinocytes. The molecule was detected in human wound fluid, seminal plasma, vernix and tracheal aspirates of newborns \[[@CIT0003]\]. Cathelicidins may be produced constitutively or synthesized in response to the presence of bacteria or their products. The expression of LL-37 can be also regulated by various endogenous factors such as proinflammatory cytokines, growth factors and the active form of vitamin D \[[@CIT0007]\].

Cathelicidins exhibit a broad spectrum of antimicrobial activity against Gram-positive and Gram-negative bacteria \[[@CIT0001], [@CIT0007]\], enveloped viruses \[[@CIT0002]\], and fungi \[[@CIT0008]\]. It is commonly known that cathelicidins interact with the negatively charged bacterial and fungal membranes and induce membrane disruption. The most accepted mechanisms of cathelicidin action are the "carpet" model, the "barrel-stave" model, and the "toroidal pore" model \[[@CIT0009], [@CIT0010]\]. According to the "carpet" model, peptides are set parallel to the cell surface but do not intercalate into it. The pressure from the molecules is so strong that it causes a disruption of the cell membrane. In the "barrel-stave" mechanism, peptides are incorporated perpendicularly at the membrane creating the "barrel" with the peptides being the "staves". Non-polar components of proteins interact with membrane lipids and polar parts form the pores in the cell membrane. Finally, the "toroidal pore" theory describes the formation of pores in the cell membrane where the hydrophilic components interact with the residues of phospholipids, while the hydrophobic parts with the lipids. The effect of all mechanisms is the disintegration of the cell membrane and as a result, death of the pathogen. Additionally, cathelicidins may penetrate into the cell to bind or to degrade some molecules which are crucial to cell living. Furthermore, these peptides participate in neutralization of bacterial endotoxin, i.e. lipopolysaccharide (LPS), by blocking the interaction of the lipoglycan with LPS binding protein (LBP) \[[@CIT0011]\]. Nowadays, however, more and more data indicate that apart from killing pathogens directly or indirectly, cathelicidins have a number of immunomodulatory functions that might be involved in the clearance of infection. Thus, considering the role of inflammation in host defense against pathogens it is extremely interesting to know and understand the influence of cathelicidins on inflammatory cell activities.

Cathelicidins affect neutrophil activity {#S0002}
========================================

Neutrophils are the most abundant type of white blood cells and it is absolutely proven that they are the first leukocytes rapidly and efficiently recruited to the site of injury and inflammation. These cells are capable of expressing and/or producing various potent mediators, including numerous cytokines, chemokines, colony-stimulating factors, angiogenic factors and fibrogenic factors. What is more, neutrophils express a lot of enzymes stored in different types of cytoplasmic granules. It should be stressed that neutrophils also produce four types of α-defensins, i.e. HNP-1, HNP-2, HNP-3, and HNP-4, accumulated in a subset of azurophilic granules. Moreover, neutrophils are the source of arachidonic acid metabolites, i.e. prostaglandins (PGs) and leukotrienes (LTs). Finally, it is well known that neutrophil granulocytes are able to generate reactive oxygen species (ROS). All these neutrophil-derived mediators influence extracellular matrix (ECM) components and strongly affect the surrounding cell activity, thereby neutrophils play a crucial role in acute and chronic inflammation. In addition, neutrophil-derived mediators have a huge impact on immune cells functioning and consequently these cells participate in the course of innate and adaptive immunity. It should be emphasized that neutrophils play a key role in host defense against viral, bacterial and fungal infections \[[@CIT0012]--[@CIT0014]\].

The average circulatory lifespan of human neutrophils is relatively short (5.4 days) and ends by spontaneous apoptosis \[[@CIT0015]\]. Apoptotic neutrophils are phagocytosed without release of mediators, leading to the restriction of inflammation and tissue damage. It should be noted that some host- and pathogen-derived substances may inhibit spontaneous neutrophil apoptosis. The suppressed neutrophil apoptosis results in uncontrolled release of a variety of cytotoxic metabolites and pro-inflammatory mediators, which in turn leads to the enhancing of inflammatory response and tissue injury. Considering these data, observations that cathelicidins may influence neutrophil lifetime are of great importance. Nagaoka *et al*. \[[@CIT0016], [@CIT0017]\] clearly demonstrated that LL-37 prolongs the lifespan of neutrophils by inhibition of spontaneous apoptosis. Inhibition of programmed cell death occurs through the increased expression of anti-apoptotic protein Bcl-X~L~ and by blocking the activation of caspase-3, a key executor for apoptosis. Of importance, human cathelicidin LL-37 elongates neutrophil lifespan *in vitro* over the concentration range from 10 ng/ml to 5 µg/ml. Interestingly, LL-37 induces suppression of neutrophil apoptosis acting *via* the activation of formyl peptide receptor (FPR)1 and purinergic receptor P2X~7~ \[[@CIT0017], [@CIT0018]\]. Cathelicidin LL-37 can also up-regulate the expression of P2X~7~ receptors on these cells \[[@CIT0019]\].

It was also documented that *in vitro* LL-37 induces neutrophil migration and chemotaxis and this effect is mediated *via* FPR1 molecules \[[@CIT0019]--[@CIT0022]\]. What is more, dose-dependent neutrophil migration in response to murine cathelicidin-related antimicrobial peptide (CRAMP)-stimulation was observed \[[@CIT0023]\]. Porcine proline-arginine (PR)-rich antibacterial peptide PR-39 induces chemotaxis of neutrophils, with a maximal response at 0.5-2 µM, and stimulates extracellular Ca^2+^ influx in these cells, as well. Neither lymphocytes nor peripheral blood monocytes or alveolar macrophages are attracted by PR-39 \[[@CIT0024]\]. Interestingly, LL-37 causes almost complete inhibition of serum amyloid A (SAA)-induced neutrophil chemotaxis \[[@CIT0025]\]. It seems to be very important to note down that cathelicidin LL-37 reduces neutrophil surface expression of CXCR2, but not CXCR1 \[[@CIT0019], [@CIT0026]\], i.e. the expression of receptor that mediates neutrophil migration to the sites of inflammation. The mechanism of CXCR2 down-regulation by LL-37 is due to the receptor internalization \[[@CIT0019]\].

Some data indicated that cathelicidins directly activate neutrophils to mediator release. Human cathelicidin, at a concentration of 20 µg/ml, stimulates neutrophils to the synthesis of pro-inflammatory CXCL8 under the control of mitogen-activated protein kinase (MAPK) p38 and extracellular signal-regulated kinase (ERK) \[[@CIT0026], [@CIT0027]\]. It is well known that this chemokine, acting *via* CXCR2, induces chemotaxis of not only neutrophils but also other granulocytes, and stimulates neutrophils to phagocytosis. On the other hand, interesting data suggest that LL-37 inhibits SAA-induced CXCL8 production and causes dramatic inhibition of ERK and p38 MAPK activities \[[@CIT0025]\]. In turn, CXCL8 inhibition results in blocking production of acute phase proteins \[[@CIT0025]\]. LL-37 activates neutrophils to the release of interleukin-1 receptor antagonist (IL-1Ra) -- the natural antagonist of IL-1β \[[@CIT0026]\] and at the same time induces a dose-dependent increase in HNP-1, HNP-2, and HNP-3 α-defensin gene expression \[[@CIT0027]\]. What is more, extracellular release of these α-defensins in response to LL-37 stimulation was observed \[[@CIT0027]\]. Finally, LL-37 stimulates the generation of ROS in neutrophils \[[@CIT0027]--[@CIT0029]\] and this process is mediated by a flavoenzyme (most probably NADPH oxidase) and *via* increase in intracellular Ca^2+^ concentrations \[[@CIT0027]\].

Cathelicidins affect monocyte/macrophage activity {#S0003}
=================================================

Without any doubt, in the course of acute and chronic inflammation an important role is played by monocytes and macrophages. Given that these cell populations can produce both pro-inflammatory and anti-inflammatory mediators, it is obvious that they strongly direct the inflammatory processes and significantly influence an intensity of inflammation. Monocytes and macrophages have the ability to secrete a broad range of pro-inflammatory cytokines, such as IL-1β, IL-6, IL-12, IL-18, IL-23, IL-27, and tumor necrosis factor (TNF). These cells also produce various chemokines (CCL2, CCL5, CCL7, CXCL1, CXCL2, CXCL8, CXCL9, CXCL10, CXCL11) as well as PGs, LTs, and platelet activating factor (PAF). Moreover, activated macrophages synthesize ROS and nitrogen intermediates that are highly toxic for microorganisms, but also induce tissue injury and lead to enhance inflammation. Finally, monocytes/macrophages are the source of various proteolytic enzymes that can act directly on cells and ECM proteins leading to tissue damage. On the other hand, there are a lot of monocyte/macrophage-derived mediators involved in suppressing inflammation, including some anti-inflammatory cytokines, i.e. IL-4, IL-10, IL-13, IL-19, and growth factors, i.e. transforming growth factor (TGF)-β and vascular endothelial growth factor (VEGF). In fact, macrophages can exhibit pro- or anti-inflammatory properties and this is determined by stimuli from their local microenvironment. Thus, due to their cytokine/mediator profile two evidently distinct types of macrophages are designated. M1 macrophages, differentiated under the influence of granulocyte-macrophage colony-stimulating factor (GM-CSF), with a pro-inflammatory signature, and M2 macrophages, differentiated under the influence of macrophage colony-stimulating factor (M-CSF), with an anti-inflammatory signature \[[@CIT0030], [@CIT0031]\].

It is well established that human cathelicidin LL-37 activates FPR2 molecules on monocytes, triggering monocytic β~1~- and β~2~-integrin conformational change toward active conformation that allows for monocyte adhesion \[[@CIT0032]\]. As in the case of neutrophils, LL-37 acts as potent chemoattractant for monocytes and can induce Ca^2+^ mobilization \[[@CIT0019], [@CIT0022]\]. Moreover, murine CRAMP also causes monocyte migration in a dose-dependent manner and the peak response was observed at 400 nM. This CRAMP-induced monocyte chemotaxis seems to be mediated by a G protein coupled receptor (GPCR), probably FPR2 molecule \[[@CIT0023]\]. The chemotactic activity of bovine cathelicidin proBac7 toward monocytes is also documented \[[@CIT0033]\]. It is interesting that murine CRAMP acts as a chemoattractant for monocyte-derived macrophages as well \[[@CIT0023]\]. This cathelicidin induces ERK1/2 and p38 kinase phosphorylation and activation in monocytes, acting at a concentration as high as 50 µg/ml. However, in the presence of GM-CSF, a cytokine found locally at sites of infection, LL-37 induces ERK1/2 phosphorylation at lower concentrations, such as 5-10 µg/ml \[[@CIT0034]\].

More and more data indicate that cathelicidins by themselves directly stimulate monocytes to produce and release some cytokines and chemokines that may strongly modulate the course and intensity of inflammation. It was demonstrated that genes encoding chemokines essential for cell recruitment to the site of inflammation, such as CXCL1, CXCL8, CCL2, and CCL7 are significantly up-regulated in monocytes activated with LL-37 \[[@CIT0034], [@CIT0035]\]. On the contrary, LL-37 down-regulates CXCR2 expression on monocytes \[[@CIT0019]\]. It is interesting that LL-37 does not enhance mRNA expression of pro-inflammatory cytokines TNF, IL-1β, and IL-6 \[[@CIT0034]\] and causes an increase in the transcription of the genes encoding anti-inflammatory cytokines such as IL-10 and IL-19 \[[@CIT0035]\]. Human cathelicidin elicits modest up-regulation of CCL7 and IL-6 gene expression in peripheral blood mononuclear cells (PBMCs) as well \[[@CIT0036]\]. Moreover, LL-37 alone activates monocytes to the production of CXCL8 and CCL2 \[[@CIT0034], [@CIT0035]\] and PBMCs to synthesis of CXCL8, CCL2, CCL5, and CCL7 \[[@CIT0035], [@CIT0036]\]. It was noticed, however, that this peptide stimulates the production of anti-inflammatory cytokine IL-1Ra but does not induce the synthesis of IL-10 in PBMCs \[[@CIT0037]\].

Furthermore, there is information that cathelicidins influence monocyte responsiveness to some endogenous pro-inflammatory factors. Co-stimulation of PBMCs with LL-37 and IL-1β results in substantially augmented CCL7 and IL-6 mRNA accumulation and leads to an increase in the production of CCL2, CCL7, IL-6, and anti-inflammatory cytokine IL-10 \[[@CIT0036]\]. LL-37 substantially enhances the production of CXCL8 and IL-6, but not TNF, in synergy with IL-1β \[[@CIT0038]\]. In the synergistic production of CCL7 induced by LL-37 and IL-1β, GPCR and phosphatidylinositol 3-kinase (PI3K), but not protein kinase (PK)C and PKA, a signaling pathway is involved \[[@CIT0036]\]. LL-37 abrogates IL-32-induced TNF and IL-1β production by 97% in PBMCs and IL-32-induced IL-6 synthesis is suppressed by 50% in the presence of LL-37. In contrast, IL-32-mediated chemokine CXCL1 and CXCL8 synthesis is not altered in the presence of this peptide \[[@CIT0037]\]. Moreover, LL-37 does not suppress IL-32-mediated production of anti-inflammatory IL-1Ra but inhibits IL-32-mediated IL-10 synthesis in PBMCs \[[@CIT0037]\]. It is also documented that CCL2 and IL-6 production by PBMCs in response to GM-SCF stimulation is significantly enhanced in the presence of LL-37 \[[@CIT0036]\]. Conversely, LL-37 has no effect on TNF-induced IL-1β, IL-6, and CXCL8 production \[[@CIT0038]\]. Interestingly, cathelicidin LL-37 strongly inhibits the production of TNF and IL-12 by monocytes stimulated with interferon (IFN)-γ \[[@CIT0039]\] and suppresses IFN-γ-induced CCL2 synthesis in PBMCs \[[@CIT0036]\]. CCL2 production in response to LL-37 stimulation is inhibited in the presence of IL-4 or IL-12 \[[@CIT0036]\].

Extremely intriguing are observations that LL-37 has a general anti-inflammatory effect on Toll-like receptor (TLR) stimulation, inhibiting pro-inflammatory cytokine release from monocytic cells stimulated with TLR2, TLR4, and TLR9 agonist. It was demonstrated that LL-37 peptide significantly inhibits the expression of specific pro-inflammatory genes up-regulated by nuclear factor (NF)-κB in the presence of TLR4 ligand LPS. In contrast, LL-37 does not inhibit LPS-induced genes which antagonize inflammation and certain chemokine genes classically considered pro-inflammatory \[[@CIT0038]\]. Moreover, LL-37, at very low concentrations (≤ 1 µg/ml), inhibits TNF synthesis and release from LPS-induced monocytes. This inhibitory effect increases to ≥ 95% with a dose of 20 µg/ml of LL-37. Similarly, LL-37 significantly inhibits TNF, IL-1β, IL-6, and CXCL8 production in PBMCs stimulated with LPS \[[@CIT0038]\]. It should pointed out, however, that LL-37 stimulation of LPS-primed monocytes leads to release of IL-1β acting *via* P2X~7~ receptor \[[@CIT0034], [@CIT0040]\], and caspase-1 activation \[[@CIT0040]\]. Furthermore, acting on PBMCs, LL-37 significantly decreases the production of IL-1β, IL-6, TNF, and CXCL8 resulting from activation of TLR2 molecules by lipoteichoic acid (LTA) or synthetic tri-acylated lipopeptide Pam~3~CSK4. In addition, LL-37 reduces to 50%, CXCL8 secretion from PBMCs in response to stimulation with TLR9 agonist synthetic CpG oligodeoxynucleotide. In contrast, LL-37 enhances TNF and IL-6 production by CpG-stimulated PBMCs \[[@CIT0038]\].

It is interesting that LL-37 very efficiently transports self-DNA into monocytes, leading to the production of type I IFNs in a TLR-independent manner \[[@CIT0041]\]. There are some data that LL-37 can influence monocyte differentiation. Peptide LL-37 (re)directs M-CSF-driven differentiation of monocytes toward macrophages with a pro-inflammatory instead of an anti-inflammatory signature. These macrophages have a low expression of CD163, little of IL-10 and profound IL-12 production on LPS stimulation. LL-37 enhances the GM-CSF-driven macrophage differentiation as well. Additionally, it is proved that under the influence of LL-37 fully differentiated M2 macrophages produce less IL-10 and more IL-12 \[[@CIT0042]\].

In like manner, cathelicidins can regulate the inflammatory activity of tissue macrophages. LL-37 directly up-regulates 29 genes in macrophages, including those encoding chemokine CCL7, anti-inflammatory cytokine IL-10, M-CSF, many chemokine receptors, and several metalloproteinases (MMPs). On the contrary, this peptide can down-regulate another 20 genes, including those encoding CCL3 and IL-12. The secretion of CCL2 in response to LL-37 stimulation is also observed \[[@CIT0043]\]. There are intriguing data that peptide LL-37 can be an endogenous regulator of eicosanoid-dependent inflammatory responses since it promotes LTB~4~ and thromboxane (TX) A~2~ generation by macrophages. It should be stressed that LL-37-induced eicosanoid generation is time-resolved. This cathelicidin, acting *via* P2X~7~ receptor, evokes Ca^2+^ mobilization, activation of ERK1/2 and p38 MAPKs, as well as cytosolic phospholipase c(PL)A~2~, and 5-lipoxygenase, leading to an early (1 hour) release of LTB~4~. Likewise, TXA~2~ production at early time involves signaling sequence LL-37 -- P2X~7~ receptor -- cPLA~2~ -- cyclooxygenase-1 (COX-1) axis. Later on, 6-8 hours after LL-37-stimulation, internalized cathelicidin up-regulates COX-2 expression, promoting TXA~2~ production \[[@CIT0044]\].

LL-37 significantly decreases *Neisseria meningitidis* endotoxin lipooligosaccharide (LOS)-induced both TNF and nitric oxide (NO) release from macrophages. In contrast, LL-37 and LOS are synergistic in enhancing ROS release from macrophages. This synergistic effect of LL-37 and TLR4 ligand LOS is a result of a direct effect exerted on the ROS generating enzymes mainly the NADPH oxidase complex \[[@CIT0045]\]. What is more, the presence of LL-37 during the polarization of M1 macrophages by LPS and IFN-γ results in strong inhibition of TNF and NO production and in a slight decrease in ROS synthesis \[[@CIT0046]\]. Similarly, TNF synthesis by polarized M2 macrophages in response to LPS stimulation is effectively inhibited by LL-37. This peptide has no effect on TNF production by macrophages activated with TLR2 synthetic ligand Pam~3~CSK4 but dramatically inhibits LTA-induced TNF synthesis \[[@CIT0046]\]. Scott *et al*. \[[@CIT0043]\] demonstrated that LL-37 causes a substantial inhibition of not only LPS, but also LTA-, and arabinosylated lipoarabinomannan (AraLAM)-induced TNF synthesis by macrophages. It was also documented that murine cathelicidin CRAMP exerts a strong inhibition of LPS-, LTA-, and flagellin-(TLR5 agonist) induced p38 and ERK phosphorylation in macrophages and strongly reduced TNF production by macrophages stimulated with LPS or LTA. However, murine CRAMP does not affect the production of IL-10 and chemokines CXCL1 and CCL3 by LPS-activated macrophages \[[@CIT0047]\].

Kahlenberg *et al*. \[[@CIT0048]\] observed that LL-37 activates caspase-1, the central enzyme of the inflammasome, in both human and murine macrophages, resulting in release of active IL-1β and IL-18. LL-37 activation the NLRP3 inflammasome utilizes P2X~7~ receptor-mediated potassium efflux. On the other hand, it is worth noting that LL-37 inhibits LPS/ATP-induced IL-1β expression, caspase-1 activation, inflammasome formation, as well as macrophage death by pyroptosis \[[@CIT0049]\].

Cathelicidins affect mast cell activity {#S0004}
=======================================

Mast cells are long-lived resident tissue cells widely distributed throughout connective tissues. These cells are particularly numerous beneath the subepithelial layers of the skin, in the airways, gastrointestinal and genitourinary tracts, and adjacent to blood vessels and nerves. They have the potential to secrete a wide spectrum of biologically active mediators, cytokines and chemokines. Upon activation, mast cells rapidly release preformed, cytoplasmic granule-associated mediators, such as histamine, neutral proteases (tryptase, chymase), proteoglycans, MMPs, as well as various preformed cytokines including IL-3, IL-4, IL-6, IL-10, TNF, and CXCL8. Moreover, in response to stimulation mast cells release various newly generated lipid mediators, including LTs, PGs, TXs, and PAF, and many cytokines and chemokines. These cells express numerous different receptors and thereby various endogenous and exogenous factors can activate mast cells to mediator/ cytokine generation. Mast cell-derived mediators exert diverse effects on surrounding cells and tissues \[[@CIT0050]\]. Therefore, mast cells are important players in homeostasis maintenance *via* involvement in angiogenesis, tissue remodeling and repair, and regulation of vascular permeability \[[@CIT0050], [@CIT0051]\]. Moreover, they strongly influence both innate and acquired immune responses and are critical components of host defense against bacteria and viruses \[[@CIT0052]--[@CIT0054]\]. Mast cells take part in different pathological processes, including allergic disease as well \[[@CIT0050], [@CIT0051], [@CIT0055]\]. Finally, inasmuch as mast cell-derived mediators elicit pro-inflammatory, anti-inflammatory and immunoregulatory effects, these cells are essential in both promoting and limiting the inflammatory processes \[[@CIT0052], [@CIT0056], [@CIT0057]\].

A few data indicated that LL-37 can exert direct effects on mast cells. It has been proven that this cathelicidin induces, in a dose-dependent fashion, degranulation of rat mature mast cells, as assessed by histamine or β-hexosaminidase release \[[@CIT0058]--[@CIT0060]\]. This is accompanied by intracellular Ca^2+^ mobilization \[[@CIT0058]\]. Cathelicidin LL-37 promotes degranulation and preformed mediator release from human lung mast cells \[[@CIT0061]\] and stimulates degranulation and Ca^2+^ mobilization in immature LAD2 human mast cells \[[@CIT0062], [@CIT0063]\] as well. Moreover, this peptide activates LAD2 mast cells to synthesis and releases the strong pro-inflammatory mediators such as LTC~4~ and PGD~2~ \[[@CIT0064]\] and rat CRAMP stimulates mature mast cells to production and release cysteinyl (cys)LTs \[[@CIT0065]\]. Importantly, anti-inflammatory cytokine IL-10, but not TNF, IL-6 and CCL5, strongly inhibits CRAMP-induced cysLT synthesis \[[@CIT0065]\]. Moreover, LL-37 activates mast cells to produce newly generated cytokines, including IL-2, IL-4, IL-6, IL-31, GM-CSF, and TNF, and chemokines CCL4 and CXCL8 \[[@CIT0060], [@CIT0063], [@CIT0064]\]. This peptide, at a concentration of 20 µg/ml, induces IL-1β, CCL2, and CCL3 mRNA increase in rat mast cells \[[@CIT0060]\]. The cathelicidin CRAMP stimulates mast cells to TNF and CXCL8 release and induces GMCSF, IL-1β, CCL2, and CCL3, but not IL-33, mRNA expression \[[@CIT0065]\]. Yoshioka *et al*. \[[@CIT0062]\] observed that LL-37, at a concentration of 1 µg/ml, stimulates LAD2 mast cells to generate Th2 cytokines IL-4 and IL-5, but not IL-10, Th1 cytokine IL-2, but not IFN-γ and TNF-β, pro-inflammatory cytokines TNF and IL-1β, but not IL-6 and CXCL8. Moreover, LPS significantly reduced LL-37-induced IL-4 and IL-5, but not IL-1β, generation. These intriguing findings suggest that LL-37 co-existing with the bacterial components may change the mast cell function toward innate immunity. There are also very interesting data that cathelicidins LL-37 and CRAMP act as potent mast cell chemoattractants \[[@CIT0060], [@CIT0065], [@CIT0066]\], and thereby cathelicidins may additionally enhance inflammatory response *via* attracting mast cells to pathogen entry site. Besides, it was observed that LL-37, at a concentration of 1 µg/ml, up-regulates both TLR4 mRNA and TLR4 protein expression on LAD2 mast cells, and in that way, cathelicidin enhances mast cell capability to detect invading pathogen \[[@CIT0062]\].

Up to date, the mechanisms by which cathelicidins activate mast cells are not fully clarified. Some data indicate that GPCRs mediate LL-37-induced signal transduction pathway in mast cells \[[@CIT0058], [@CIT0066]\]. There are some observations that LL-37 acts *via* Mas-related gene (Mrg) X2 receptor \[[@CIT0063]\] or through FPR2 and receptor P2X~7~ \[[@CIT0062]\]. Moreover, it was suggested that LL-37 activates mast cells in PLC-dependent manner \[[@CIT0058], [@CIT0066]\]. In addition, some data indicate that in LL-37-dependent mast cell activation PI3K and MAPK signaling pathways are involved \[[@CIT0059], [@CIT0060], [@CIT0062], [@CIT0064], [@CIT0065]\].

Cathelicidins affect other inflammatory cell activity {#S0005}
=====================================================

Neutrophils, monocytes, macrophages, and mast cells undoubtedly play a key role in inflammation. However, it is not to overestimate the role of other populations of host cells in inflammatory processes. Limited data show that human cathelicidin LL-37 and mouse CRAMP can modulate activity of eosinophils, dendritic cells, epithelial cells, and keratinocytes.

It is documented that LL-37, at a concentration range from 15 to 30 µg/ml, directly stimulates eosinophils to cys-LTs and LTB~4~ release and priming with eosinophilopoietic cytokine GM-CSF or IL-5 significantly enhances LL-37-induced cysLT secretion. Moreover, in response to LL-37 activation, eosinophils release eosinophil cationic protein (ECP). Cathelicidin-mediated cysLT release is dependent on FPR2 molecule. It is also indicated that LL-37 enhances cytosolic PLA~2~ activity, triggers intracellular translocation of 5-lipoxygenase and LTC~4~ synthase to perinuclear localization of lipid bodies \[[@CIT0067]\]. Human cathelicidin LL-37, at a high concentration of 40 µg/ml, induces eosinophil chemotaxis and this effect is mediated *via* FPR2 molecules \[[@CIT0021]\]. In the course of inflammatory processes dendritic cells take part to some extent \[[@CIT0068]\], however the influence of LL-37 on dendritic cell functioning is currently almost unknown. It was indicated that human cathelicidin LL-37 strongly inhibits LPS-mediated pro-inflammatory cytokine, i.e. IL-6 and TNF, generation \[[@CIT0035], [@CIT0069]--[@CIT0071]\]. Similarly, murine CRAMP causes a decrease in IL-6, but not IL-1β, synthesis by dendritic cells in response to LPS stimulation \[[@CIT0071]\]. LL-37 also blocks LPS-induced chemokine CXCL8 synthesis \[[@CIT0035], [@CIT0071]\] and declines LPS-induced up-regulation of CXCR7 \[[@CIT0069]\]. Human cathelicidin LL-37 completely inhibits IL-6 and TNF generation in response to LTA and flagellin activation as well \[[@CIT0069]\]. Worthy of note is that LL-37 significantly abrogates LPS-, LTA-, and flagellin-mediated production of IL-12 \[[@CIT0069], [@CIT0070]\], a pro-inflammatory cytokine with immunoregulatory functions which promotes differentiation of T cells into Th1 cells. Di Nardo *et al*. \[[@CIT0071]\] observed that pretreatment of monocyte-derived dendritic cells with LL-37 significantly reduces LPS induction of IL-10. On the contrary, Mookherjee *et al*. \[[@CIT0035]\] established that this peptide enhances LPS-mediated IL-10 production by myeloid dendritic cells. It was also documented that LL-37 inhibits IFN-γ-induced TNF synthesis by dendritic cells \[[@CIT0070]\].

Only few data indicate that cathelicidin LL-37 may affect epithelial cell activity. It was established that this peptide stimulates airway epithelial cell migration and proliferation and this effect is mediated through GPCR and epidermal growth factor receptor (EGFR) \[[@CIT0072]\]. Pistolic *et al*. \[[@CIT0073]\] established that this peptide by itself induces IL-6, CXCL1, and CXCL8 release from bronchial epithelial cells. Likewise, Tjabringa *et al*. \[[@CIT0074]\] indicated that LL-37, at concentrations as high as 50-100 µg/ml, stimulates airway epithelial cells by activation of ERK1/2 and increased release of CXCL8. It is interesting that LL-37 activates epithelial cells by transactivation of the EGFR *via* metalloproteinase-dependent processing of EGFR ligands. Furthermore, this host defense peptide augments TLR5-mediated (flagellin) production of IL-6 by epithelial cells \[[@CIT0073]\]. Significantly higher levels of CXCL8 and IL-6 are secreted by lung epithelial cells after stimulation with TLR4 agonist LPS in the presence of LL-37 as well \[[@CIT0075]\]. Filewod *et al*. \[[@CIT0076]\] showed that LL-37, at concentrations of 2-3 µg/ml, alters bronchial epithelial cell responses to pro-inflammatory stimuli. In combination with IL-1β, TLR5 agonist flagellin, or TLR3 agonist polyinosinic:polycytidylic acid (poly-I:C) LL-37 causes synergistically an increase in CXCL8 production and in combination with TLR2 agonist Pam~3~CSK4 this cathelicidin synergistically induces transcription and release of both IL-6 and CXCL8 from these cells.

There are limited data on LL-37 influence on the keratinocyte activity. It was indicated that this human cathelicidin induces keratinocyte migration and proliferation. The effect of LL-37 occurs *via* heparin-binding epidermal growth factor (HB-EGF)-mediated EGFR transactivation and signal transducer and activator of transcription (STAT)1, and STAT3 intracellular molecules are involved \[[@CIT0077], [@CIT0078]\]. What is more, LL-37 by itself stimulates keratinocytes to synthesis and release of different pro-inflammatory and/or immunoregulatory cytokines, including IL-6, IL-18, IL-20, and GM-CSF \[[@CIT0077], [@CIT0079], [@CIT0080]\]. In response to LL-37 activation, keratinocytes produce some chemokines, i.e. CCL2, CCL5, CCL20, CXCL8, and CXCL10 \[[@CIT0077], [@CIT0079], [@CIT0080]\]. It is important to note that human cathelicidin stimulates the synthesis of anti-inflammatory cytokine IL-10 in keratinocytes \[[@CIT0077]\] and significantly up-regulates gene encoding COX2 \[[@CIT0080]\] as well. Cathelicidin peptide-induced cytokine/chemokine production in keratinocytes involves EGFR, G protein, and PLC signaling pathways \[[@CIT0077], [@CIT0080]\]. LL-37-induced IL-18 secretion is probably *via* caspase-1-independent pathway and through p39 and ERK1/2 MAPK pathways \[[@CIT0079]\]. Very intriguing are observations that β-defensins HBD-1, -2, -3, and -4 have a synergistic effect on IL-18 secretion by keratinocytes in response to LL-37 stimulation \[[@CIT0079]\]. It should be also noted that LL-37 in combination with IL-1β or TLR5 agonist synergistically increases CXCL8 synthesis by both proliferating and differentiated keratinocytes \[[@CIT0076]\].

Concluding remarks {#S0006}
==================

Cathelicidins, like other AMPs, exhibit antimicrobial activities against a broad spectrum of microbes, including both Gram-positive and Gram-negative bacteria, enveloped viruses, and fungi. These peptides directly kill the invaded microorganisms by perturbing their cell membranes and can neutralize biological activities of endotoxin. Nowadays, more and more data indicate that cathelicidins, in addition to their antimicrobial properties, have the potential to influence and modulate, both directly and indirectly, the activity of various cell populations involved in inflammatory processes ([Figure 1](#F0001){ref-type="fig"}). First of all, it should be underlined that cathelicidins may intensify the course of inflammation *via* attracting neutrophils, monocytes, macrophages, eosinophils, and mast cells to pathogen entry site. Importantly, recruiting cells, and especially neutrophils, are a rich source of cathelicidins. Thus, high concentrations of these peptides can be most easily achieved at the sites of immune cell accumulation. It is worthy of note, however, that cathelicidin LL-37 reduces CXCR2 expression on neutrophils and monocytes, i.e. the receptor that mediates chemokine-induced cell migration. Cathelicidins also stimulate migration and proliferation of epithelial cells and keratinocytes. Moreover, these peptides may exacerbate inflammatory reactions by suppressing apoptosis and prolonging the lifespan of neutrophils. In addition, cathelicidin LL-37 suppresses caspase-1 dependent pyroptosis in macrophages.

![Immunomodulatory activities of cathelicidins](CEJI-40-25070-g001){#F0001}

Cathelicidins directly activate different cell populations to production and release of different pro-inflammatory and immunoregulatory cytokines, inter alia IL-1β, IL-6, IL-18, IL-20, TNF, and GM-CSF. Likewise, these peptides induce the production of various chemokines, including CCL2, CCL5, CCL7, CCL20, CXCL1, CXCL4, CXCL8, and CXCL10. Furthermore, in response to cathelicidin activation mast cells, macrophages, and eosinophils generate potent pro-inflammatory mediators, such as cysLTs, LTB~4~, TXA~2~, PGD~2~ and histamine. It is crucial that cathelicidins stimulate production and release of ROS, NO, ECP, and some proteinases, which take part in tissue damage. On the other hand, cathelicidins can induce the synthesis of some anti-inflammatory mediators; macrophages and keratinocytes produce IL-10, monocytes synthesize IL-10 and IL-19, and monocytes and neutrophils generate IL-1Ra.

Without any doubt it is intriguing that cathelicidins can affect activity of various cell types indirectly. Peptide LL-37 acting in synergy with IL-1β causes a significant increase in CXCL8 production by epithelial cells and keratinocytes and in not only CCL2, CCL7, IL-6, but also IL-10, by monocytes. This cathelicidin exerts synergistic effect on GM-CSF-induced CCL2 and IL-6 synthesis by monocytes and significantly enhances IL-18 secretion from keratinocytes stimulated with β-defensins. Otherwise, co-stimulation of monocytes and dendritic cells with LL-37 and IFN-γ causes an influential decrease in TNF synthesis, and monocyte co-stimulation with LL-37 and IL-32 results in a decrease in TNF, IL-6, IL-1β, and also IL-10 generation. In addition, cathelicidins also appear to have functions in modulating TLR-mediated cell responses. These peptides strongly inhibit pro-inflammatory cytokine release, i.e. TNF, IL-1β, IL-6 and chemokine CXCL8, from monocytes stimulated with TLR2 or TLR4 agonists. It is important to stress that LL-37 significantly decreases CXCL8 production by monocytes activated with TLR9 ligand but enhances TNF and IL-6 synthesis. Similarly, cathelicidins strongly decrease TLR2- and TLR4-mediated TNF and NO synthesis in macrophages, but enhance ROS release in response to TLR4 stimulation. Furthermore, cathelicidins strongly inhibit IL-6, IL-12, TNF, and CXCL8 generation by dendritic cells stimulated by TLR2, TLR4, or TLR5 ligands. On the contrary, it is very interesting that synergistic action of LL-37 and TLR2, TLR3, TLR4, or TLR5 ligands induces an increase in IL-6 and CXCL8 generation by epithelial cells and keratinocytes.

To date, it has not been entirely clear what the exact cathelicidin concentrations in physiological or pathophysiological conditions and in inflammatory milieu are. Nevertheless, there are data that in healthy individuals the LL-37 levels were as low as 39.9 pg/ml in sputum \[[@CIT0081]\], 1-4 ng/ml in tracheal aspirate samples obtained from new-born children \[[@CIT0082]\], and 1.1 and 1.7 ng/ml in plasma of neonatal and maternal blood, respectively \[[@CIT0083], [@CIT0084]\]. Some information indicates that in healthy individuals the concentrations of LL-37 are about 27.2 ng/ml in plasma \[[@CIT0085]\] and 30.5 ng/ml in saliva \[[@CIT0086]\]. What is more, concentrations of LL-37 in sweat and bronchoalveolar lavage fluid (BAL) of healthy infants are significantly higher and amount up to 4.47 µg/ ml \[[@CIT0087]\] and 4.8 µg/ml, respectively \[[@CIT0088]\]. Interestingly, the levels of LL-37 in sperm are as high as 86.5 µg/ml \[[@CIT0089]\]. In pathological conditions, the concentrations of this cathelicidin are highly differentiated. In sputum obtained from patients suffering from cystic fibrosis (CF), chronic obstructive pulmonary disease (COPD), and asthma, LL-37 concentrations were as low as 79.6 pg/ml, 75.3 pg/ml, and 13.6 pg/ml, respectively \[[@CIT0081]\]. Moreover, the concentration of LL-37 in plasma of patients with sepsis was 13.7 ng/ml \[[@CIT0085]\], and 22.5 ng/ml in saliva of individuals suffering from chronic periodontitis \[[@CIT0086]\]. Chen *et al*. \[[@CIT0090]\] determined that concentrations of LL-37 in BAL of patients with CF were from an undetectable level up to 15 µg/ml. In turn, the level of this peptide was up to even 1.4 mg/ml in skin-biopsy samples from patients with psoriasis \[[@CIT0091]\]. The cathelicidin effective concentrations used in the *in vitro* studies were in the range between 0.01 µg/ml and 50 µg/ml. Thus, it can be assumed that the cathelicidin concentrations used in experiments *in vitro* correspond to those occurring *in vivo* in different pathophysiological conditions, and especially during infection and inflammation in the local milieu.

In conclusion, it is now obvious that cathelicidins have various immunomodulatory activities. Therefore, these peptides should be considered as the multifunctional molecules that strongly affect the course of inflammation. It is important to state, however, that the exact role of these peptides in inflammation is ambiguous, as cathelicidins might promote or reduce the inflammatory intensity. Moreover, without any doubt these host derived peptides affect host defense against microorganisms by modulating epithelial responses to infecting pathogens, by balancing the TLR-mediated cell response to bacteria and viruses, and by influencing the inflammatory processes at sites of pathogen entry. Without any doubt, further studies are necessary to fully clarify the exact role of cathelicidins in inflammation and innate immunity developed during infection.
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